Interferon (IFN) is thought to play an important role in the vertebrate immune system, but systemic knowledge of IFN evolution has yet to be elucidated. To evaluate the phylogenic distribution and evolutionary history of type I IFNs, 13gen omes were searched using BLASTn program, and a phylogenetic tree of vertebrate type I IFNs was constructed. In the present study, an IFNδ-like gene in the human genome was identifi ed, refuting the concept that humans have no IFNδ genes, and other mammalian IFN genes were also identifi ed. In the phylogenetic tree, the mammalian IFNβ, IFNε, and IFNκ formed a clad e sepa rate f rom the other mammalian type I IFNs, while piscine and avian IFNs formed distinct clades. Based on this phylogenetic analysis and the various characteristics of type I IFNs, the evolutionary history of type I IFNs was further evaluated. Our data indicate that an ancestral IFNα-like gene forms a core from which new IFNs divided during vertebrate evolution. In addition, the data suggest how the other type I IFNs evolved from IFNα and shaped the complex type I IFN system. The promoters of type I IFNs were conserved among different mammals, as well as their genic regions. However, the intergenic regions of type I IFN clusters were not conserved among different mammals, demonstrating a high selec tion pressure upon type I IFNs during their evolution.
INTRODUCTION
Interferon was fi rst recognized half a century ago fo r its antiviral activities (Isaacs and Lindenmann, 1957) , a nd its anti-proliferation and immune-regulatory activities were then subsequently discovered (Stark et al., 1998) . According to the receptors that they bind, IFNs can be divided into three types: type I, type II, and type III IFNs (Sheppard et al., 2003) . There are many different kinds of type I IFNs, such as IFNα, β, δ, ε , ζ, κ, τ, and ω, but type II and type III IFNs are only by a single kind each, IFNγ and IFNλ, res pectively (Pestka et al., 2004) .
Type I IFNs predominantly function through the typical JakStat pathway. When type I IFNs bind to their high-affi nity receptors, a heterotrimer named interferon-stimulated gene factor 3 (ISGF3) is formed to activate the expression of interferonstimulated gene (ISGs) . Aside from the canonical Jak-Stat pathway, IFNs can also activate the MAPK pathway (Stancato et al., 1997; David, 2002) . However, due to its complex activities in the immune system, new IFN pathways an d roles remain to be discovered.
Type I IFNs have been identified in zebrafish, Atlantic salmon, grass carp, and Fugurubripes, which several of them display similar activities to their mammal homologs (Altmann et al., 2003; Robertsen et al., 2003) . IFNβ is hypothesized to have arisen from birds, and the other type I IFNs are present only in mammals (Sick et al., 1996) .IFNζ, also known as limitin, was discovered for its abi lity to arrest the growth of or kill lympho-hematopo ietic cells, and is thought to only exist in mice (Oritani et al., 2000) . IFNδ has been described in sheep, pigs, and horses and is expressed at 15 days of gestation in conceptus (Lefèvre and Boulay, 1993; Cochet et al., 2009) . IFNτ is considered to only exi st in ruminants but is present in the human genome as a pseudogene (Whaley et al., 1994) . Amphibian type I IFN genes were inferred as intron-containing and 4-cysteine-containing IFN genes, s imilar to zebrafi sh IFNb and IFNc, while reptile type I IFNs were inferred from genomic se-quence as intronless forms (Sun et al., 2009; Qi et al., 2010) .
Robert has hypothesized a good model for type I IFN evolution, which suggests that IFNω diverged from IFNα and that IFNτ arose from IFNω approximately 36 million years ago (Roberts et al., 1998) . The evolution of IFNαis well described, and both gene conversion and duplication played important roles in the formation of the IFNα gen e family (Woelk et al., 2007) . However, the detailed phylogenic distribution and evolutionary history of type I IFNs in vertebrates remains unclear (Qi et al., 2010) .Towards a better understanding of type I IFN evolution, we repor t several novel IFNs and illustrated the evolution histo ry of type I IFNs in vertebrates. The gene synteny analysis demonstrates a high selection pressure upon type I IFNs during their evolution.
RESULTS

Type I IFN gene clusters in genomes
Different types IFN genes are located on di ff erent chromosomes. In humans, type I IFN genes represent a gene cluster on chromosome 9 that includes 14 IFNα genes, one IFNω gene, one putative IFNδ gene, one IFNτ pseudogene, one IFNβ gene and one IFNε gene. The I FNκ gene is not adjacent to this gene cluster, and a similar situation was foun d in other mammals. In mouse, type I IFNs form a gene cluster on chromosome 4, which includes 16 IFNα genes, one IFNω pseudogene, 14 limitingenes, and one IFNε gene. In most species, the IFNε and IFNβ genes are located on the two extremities of type I IFN clusters, while the other type I IFN g e nes were randomly located relative to one another, except limitin, which forms a small cluster within the type I IFN cluster.
As indicated by the B LAST results, IFNδ and IFNω genes may not exist in the mouse and dog genomes and this result in not due to lack of sequence coverage as the mouse and dog genomes have been fully characterized ( Fig. 1) , which is consistent with previous studies (Hardy et al., 2004) . Limitins only exist in mice. Indeed, even in the rat genome, the limitin homolog is a pseudogene with an early stop codon and considerably degraded sequence (date not shown).
A putative IFNδ gene, containing a pseudogene named IFNα12p, was identifi ed in the human genome (Fig. 2) . This gene is loca ted in the type I IFN gene cluster and represents a single gene that is quite different from the other IFNδ genes in sheep and pigs. Sharin g 62.3% similarity with horse IFNδ1 and <50% similarity with the other human IFNs, the putative human IFNδ gene is likely a new subtype of human type I IFN (Table 1) . Located immediately beside the IFNδ gene lies the IFNα8 gene and IFNα11p, which is unexpressed in humans (Henco et al., 1985) . In addition, the homolog of human pseudogene in other primates is similar with itself, represents as a single gene with an early stop codon (date not shown).
Four IFNε genes were identifi ed in the cow, horse, cat, and dog genomes ( Fig. 2A ) . All of these genes display >75% similarity with human IFNε and <50% similarity with the other IFNs previously identifi ed in these genomes. Similar to human IFNε, these four IFNε genes are located on the extremities of the type I IFN clusters, i.e., there is high conservation of the IFNε genomi c location. In addition, three IFNκ genes were identifi ed in the horse, cat, and dog genomes (Fig. 2B ). Both the phylogenetic tree and sequence similarity indicate that these genes are true IFNκ genes. All of these genes are located outside o f the type I IFN gene cluster, just like the human IFNκ gene.
The complex relationship among type I IFNs in vertebrates
Within the type I IFN grouping, avian type I IFNs forms a separate clade from piscine and mamm alian type I IFNs (Fig. 3) . In our analysis, piscine type I IFNs are the outgroup of avian and mammalian type I IFNs, consistent with the course of vertebrate evolution. Unique to piscine IFNs, the divergence pattern of type I IFNs does not match the speciation of fi sh, and this Type I IFN β ζ γ disparity was not resolved by restricting the list of piscine type I IFN species in the phylogenetic analyses. Thus, the rea son for this discrepancy is the dive rgence of 2C-containing IFNs and 4C-containing IFNs in fi sh. The avian and mammalian IFNs form distinct speciesspecifi c clades in the phylogenic tree (as the piscine IFNs do). Even though IFNs have been purifi ed from reptiles and have similar biophysical properties as mammalian IFNs, the failure to clone these IFNs makes it difficult to further study reptile type I IFNs.
The major subgroups of IFNs identifi ed thus far form subgroups within the mammalian type I IFN family. Phylogenetically, the mammalian type I IFN subtypes form clades consistent with mammalian speciation in the phylogenetic tree. The fi rst diverging group of IFNs within the mammalian type I IFN clade is that of the unduplicated IFNs. IFNκ forms an outgroup in this subclade, which indicates a different evolutionary route compared to IFNβ and IFNε. The next subgroup to diverge from the remaining mammalian type I IFNs is that of IFNε and IFNβ. These two subgroups may in fact be more related to each other tha n to other mammalian type I IFN subtypes.
Both IFNδ and IFNζ form an outgroup from the remaining mammalian IFNs. Like the pis cine IFNs, the dive rgence pattern o f porcine IFNδ genes does n ot form a single clade in the phylogenetic tree, suggesting a close evolutionary distance among IFNδ genes from different species. The failure to fi nd lim itin in the pig and horse genomes, which have several IFNδ gene s, and the failure to fi nd IFNδ genes in mice and rats, sugge sts a preferential evolutionary relationship between IFNδ and IFNζ.
IFNω and IFNτ form a subgroup in the phylogenetic tree, and porcine and bovine IFNω, together with ovine and bovin e IFNτ, fo rm a core clade in this subgroup. Though IFNω and IFNτ display intimate relationships, their functions are quite different: IFNω is an antiviral and immuno-regulator, just like IFNα, while the preferential function of IFNτ is to ensure the pregnancy continues through preventing the corpus luteum from degradation. Aside from their differences in function, the species dist ribution o f IFNω is more extensive than that of IFNτ, which is only found in sheep and cattle. According to the phylogenetic tree and the characteristics of IFNω and IFNτ, IFNα generally forms species-specific clades in the IFNα subgroup unless the two species in question are closely related. This renders direct homologs of IFNα between different species diffi cult to fi nd, suggesting a high selection pressure on IFNα during evolution.
Overview of type I IFN evolution
On the basis of the phylogenetic analysis above and the known characteristics of type I IFNs, we propose a hypothesis for type I IFN evolution: The ancestral type I IFN gene likely contained introns, similar to piscine type I IFNs, and was liable to duplicate which seems to be the ancestor of IFNα genes instead of IFNβ genes. Synchronously with species evolution, type I IFN genes retain original characteristics in amphibian genomes. IFNβ evolved from the ancestral IFNα-like genes soon after reptiles arose (Fig. 4) . This ancient IFNβ gene may be encoded by several exons, as no obviously homologs of avian IFNβ genes can be found in the green lizard genome, and this gene represents the ancestor of avian and mammalian IFNβ genes, as avian type I IFNs are homolog of mammalian type I IFNs (Sick et al., 1998) . Consistent with species evolution from IFNβ genes duplicated, and one of them represented the ancestor of mammalian IFNε. This subtype of type I IFNs likely arose at the very beginning of mammalian e volution as practically every mammal possess IFNβ and IFNε. Afterward, IFNβ, tog ether with IFNε and IFNκ, remained untouched as duplications of these genes seem to be diffi cult (only platypus and cow have two IFNβ-like genes) for unknown reasons.
As avian IFNα and mammalian IFNα genes are strict homologues of the ancient IFNα-like genes and IFNα genes show broader distribution than the other multigene Type I IFNs, the complex mammalian Type I IFN system should be shaped by ancient mammalian IFNα genes. In addition, mammalian IFNα exhibits common activities compared with the other mammalian IFNs. In contrast to IFNβ, it is much easier to duplicate IFNα as approximately 10 IFNα genes are present in most vertebrates. With selective pressure, some of these genes gained specifi c functions. One of these genes became the foreru nner of IFNω and duplicated into a cluster of genes. Afterward, a few of the IFNω genes in the ruminant ancestor diverged into IFNτ to help form placentas. One of the ancient IFNα genes evolved into the forerunner of the IFNδ and IFNζ genes. The divergence of IFNδ and IFNζ is lik ely different results of the same selection pressure on different species. During this selection, IFNδ gained a reproductive resp onse element in the porcine and ovine genomes, while it failed in the mouse genome.
Synteny alignment of the mouse, dog, pig, and cow type I IFN clusters against the human type I IFN cluster
The type I IFN cluster is not strictly conserved in all mammal genomes, especially itsintergenic regions. Part of the limitin genic regions displays limited similarity with human IFNα, and all of the limitin genes are located together in the type I IFN cluster (Fig. 5) .This indicates that the master force for limitin gene family conformation was duplication instead of conversion, and this kind of duplication occurred after the speciation of mice. All mouse IFNα genes have homologous regions in the human genome, and most of the upstream region of these genes is conserved, ensuring that IFNα can be induced by viral infection and pathological processes. The corresponding region of human IFNω in the mouse genome seems to be mouse IFNα14, which is evidence for the hypothesis that IFNω evolved from IFNα.
IFNτ cannot be identifi ed in the human type I IFN cluster, and only a previously described pseudogeneis located outside of the gene cluster on the IFNβ side. However, a discontinuous region of the human genome displays limited conservation with IFNτ genes, and further analysis revealed that these regions are microRNAs, such as the MIR31 host gene.
DISCUSSION
In the present study, an IFNδ-like gene in the human genome was identifi ed, refuting the concept that humans have no IFNδ genes (Pestka et al., 2004) . This gene is located on chromosome 9, with a pseudogene named IFNA12p inside of it. Both phylogenic and sequence similarity analyses demonstrated that this gene is an IFNδ gene. In the phylogenic tree, the mammalian IFNβ, IFNε, and IFNκ genes formed a clade separate from the other mammalian type I IFNs, while piscine and avian IFNs formed distinct clades. Based on our phylogenetic 
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Protein Cell & analysis and the known characteristics of the various type I IFNs, we hypothesized the evolutionary history of type I IFNs. In this evolution route, IFNα formed a core from which new IFNs divided during vertebrate evolution. One of the IFNα genes evolved away from the other genes and became the ancestor of IFNβ in reptiles, and most of these genes lost introns through retrotranspositions when birds and mammals diverged from reptiles. The ancestor IFNα-like genes duplicated more frequently than the ancestor IFNβ-like gene and divided into several subtypes (including IFNδ, IFNτ, and IFNζ) during the evolution of some animals, while IFNβevolved into IFNε and I FNκ at the very beginning of the emergence of mammals.
The doubts and suspicions in this evolutionary model focus on the time when the type I IFN introns disappeared and whether reptiles genomes encode IFN β gen es. Type I IFNs exist in all kinds of vertebrates, but only the fi sh and amphibian type I IFN genes contain four introns as recent research (Qi et al., 2010) . In the fi sh genome, IFNa, IFNb, IFNc and IFNd are considered to be different kinds of type I IFNs that only exists in fi sh and not strictly orthology of higher vertebrates IFN genes. Both IFNa, IFNb, IFNc and IFNd displays a considerable distance to the other type I IFNs in our phylogenetic tree, but IFNa and IFNc show similar antiviral activities and ability to induce antiviral genes, like mammalian IFNα do, while IFNb and IFNd show little activities (Sun et al., 2009; Svingerud et al., 2012) .
When the introns of these type I IFN genes disappeared remains unknown, but the IFN genes in amphibians may have introns (Qi et al., 2010) . It is very likely that reptile genomes encode IFNs for the sake of the completeness of evolution routes, even though no reptiles IFN gene has yet been cloned, only been inferred. The failure to detect reptile IFNs when using chicken IFNα genes with BLAST against the green lizard genome suggests that IFN genes in reptiles are much similar to fish IFN genes than those in warm-blooded animals. However, the IFNκ genes of mammals have one intron each, suggesting that the existence of intron-containing reptile IFNβ genes exist.
Amphibian IFNs represent as intron-containing IFNs with fi ve different molecules as inferred by present research, however, functional study on frog type I IFNs is still needed (Qi et al., 2010) . A retrotransposition event likely occurred to type I IFNs during reptile evolution as avian and mammalian type I IFNs are intronless genes. Type I IFN genes in lizards may contain introns as no obvious homologs of avian and mammalian type I IFN genes can be found in the green lizard genome. The situation in snakes and turtles remains unknown, and perhaps intron-containing and intronless type I IFN genes coexist in their genomes. IFNβ genes likely exist in reptile genomes because these genes appear to exist in all avian and mammalian genomes. The IFNβ gene may have duplicated during reptile evolution into mammals, and retrotransposition occurred simultaneously. Further, the IFNκ genes in mammals each contain an intron, and IFNε genes are intronless, suggesting the possibility that duplicated IFNβ genes or the ancestor of IFNE  IFNA1  IFNA5  IFNE11  Gm13287  Gm12597  Gm13277  Gm13290  Gm13280  Gm13281  Gm13286  Gm13282   IFNAb  IFNA12  IFNA14  IFNB   405209   358177  1   1   405209   212046  1   1   IFNE  IFNA7  IFNB  LOC100688084  LOC100687928  LOC100687692  LOC100686162   LOC611406   405209   1048877   1  1   IFNE  IFNAW  IFNW3  IFNA1  IFNA4  IFND4  IFND5  IFND2  IFND9  LOC100737367  LOC100157354  LOC100156936  LOC100622159  LOC100154075  LOC100739443  LOC100154912  LOC100155323  LOC100624378  LOC100736739  LOC100736907   405209   669175   1  1   IFNE  IFNT  IFNT  IFNT2  IFNAG  IFNAH  IFNB1  LOC100847720   LOC618801  LOC781853  LOC617135  LOC618985  LOC100299481   LOC783912  LOC616977  LOC787343  LOC100298530   LOC513706 LOC616272 LOC618947 IFNκ genes exist in reptilian genomes. Even though all type I IFNs bind to the same receptors, different IFN display different bioactivities. The functions of type I IFN maintain good relation with their evolutions. The antiviral activity and anti-proliferation activity of IFNβ is lower than most of the IFNαs, and the antiviral activity of IFNα-evoluted IFNs is stronger than that of IFNκ and IFNεs (Sang et al., 2010; Lavoie et al., 2011) . The ISGs that IFNβ induces tend to regulate host immunoreactions, while IFNα tends to induce antiviral proteins, such as 2′-5′ OAS and PKR (Qu et al., 2013) . This may be caused by the different ways that they interact with IFN receptor subunits. Despite their differences in sequence, IFNωdemonstrates little difference with IFNα in their expression, function, ternary complex structures with receptors, and abilities to induce ISGs (Thomas et al., 2011) . Expressed by trophoblasts before they attach to the placenta, IFNτ is important to prevent the corpus luteum from degradation and, hence, ensuring the pregnancy continues, while IFNδ is expressed in conceptus and shows a potent ability to regulate pregnancy (Chelmońskasoyta, 2002; Roberts, 2007) .It has been hypothesized that IFNτ is not virally inducible a nd that its function has no relationship to pathogenesis, which is quite different from the other multigene Type I IFNs, but recent research shows that bovine IFNτis an antiviral protein capable of inducing 2′-5′ OAS with less toxicity to the cells, which suggests that IFNτ could be a better drug than IFNα for patients suffering from viruses (Johnson et al., 2001 ). The IFNβ-evoluted IFNs, IFNε and IFNκ, tends to induce effectors which can regulate host immunoreactions. Over expression of IFNκ in pancreatic islets can induce diabetes in mouse, and recent research has shown that the expression of IFNκ in skin has a close association with systemic lupus erythematosus and inflammation (Vassileva et al., 2003; Harley et al., 2010) . IFNε can enhance the lymph ocyte recruitment to lung alveoli with reduced infl ammation, promote migration of antigen-specifi c CD8+ T cells to the gut, which suggests IFNε an important role in mucosal immunity (Xi et al., 2012) . This relationship between evolution and function of type I IFN ma y provide a new view for type I IFN function analysis.
MATERIALS AND METHODS
Genome selection
A total of 496 IFN sequences from 99 species were acquired from NCBI(http://www.ncbi.nlm.nih.gov/). Allelic genes and pseudogenes were omitted for the sake of phylogenetic analyses. The IFN genes from human, mouse, and pig have already been characterized in detail before, and some of the features of IFNτ genes from ruminants and IFNδ genes from pigs have also already been described (Bazer et al., 1997) . To fi nd undetected IFN genes, BLASTn (Buhler et al., 2007) was used to search 13 genomes (human, mouse, dog, cat, sheep, pig, cow, horse, chicken, zebrafi sh, green anole, Nile tilapia, and western clawed frog). Human IFNα2b (AY255838.1), IFNω (X58822.1), IFNβ (M28622.1), IFNε (AY190045.1), and IFNκ (AF315688.1), mouse IFNζ1 (NM_197889.2), pig IFNδ1 (GQ415074.1), and cow
